The effects of histamine on polyamine uptake and metabolism was studied in a mouse mast cell line (C57.1), as a cell model in which both biogenic amines are important for maintaining cell function and viability. Results obtained after incubations with exogenous histamine indicated that histamine prevents polyamine accumulation by affecting polyamine uptake. A plasma membrane transport system for polyamines has been also studied in mast cells. It seems to be a Na 1 -dependent uptake with high affinity for both spermine and spermidine and lower affinity for putrescine and agmatine. Polyamine uptake was reduced in both cells treated with exogenous histamine and histamine-preloaded cells. However, ornithine decarboxylase activity and cell proliferation were not affected by histamine. Incubation with histamine enhanced the spermidine/spermine acetyl transferase induction caused by N 1 -ethyl-N 11 -[(cyclopropyl)methyl]-4,8-diazaundecane, suggesting that polyamine acetylation could be another mechanism by which histamine prevents polyamine accumulation in C57.1 mast cells.
Basophilic cells produce biogenic diamines, mainly histamine and serotonin, that are used as paracrine signals for surrounding cells to mediate immune responses. This physiological role is frequently played close to proliferating cells (epithelia, placenta, parasites, bacteria, cancer cells, etc.). Other biogenic amines derived from ornithine (polyamines: putrescine, spermidine and spermine) are essential for cell proliferation, including basophilic cells during maturation or after cell transformation (mastocytomas and basophilic leukaemias). Thus, from a physiological point of view, basophilic cells seem to be an important model to study biogenically active amine metabolism interplay. However, as far as we know, this topic has not yet been studied.
In previous works, we have studied the effects of natural and synthetic amines on tumour cell growth. In the case of the anti-histaminic chlorpheniramine (a 1,4-diamine), we demonstrated that this drug binds to nucleic acids [1] , inhibits ornithine decarboxylase (ODC; EC 4.1.1.17) synthesis, modifies intracellular polyamine concentrations, and reduces Ehrlich carcinoma growth in vitro and in vivo, and proliferation of cultured human tumour cell lines [2±4] . In Ehrlich carcinoma, we observed that submillimolar concentrations of histamine are able to inhibit the transport of the polyamine precursor ornithine [5] , which consequently reduces the intracellular tumour polyamine pool [3] . On the other hand, other groups have reported simultaneous elevations of both the histamine forming activity, histidine decarboxylase (HDC; EC 4.1. 1.22) , and ODC during the exponential phase of growth of fetal hepatocytes and experimental tumour models [6, 7] . In the latter case, inhibition of the tumour histamine production led to a significant reduction in tumour growth. In rat oxyntic mucosa, dexamethasone also induced both HDC and ODC [8] . However, Ding et al. [9] compared changes in ODC and HDC activities in rat stomach under different treatments and found that responses of the activities were not always in parallel. Nevertheless, results on metabolic and physiological relationships between histamine and ornithine-derived polyamine metabolisms in mammalian cells are scarce. Among the most relevant physiological and pathological processes that can be affected by this interplay are central nervous system development and function, gastric mucosa secretion and regeneration, colon epithelium disorders, asthma, inflammation and immune responses [3] .
In this report, we have studied the effect of an increase in intracellular histamine levels on different polyamine metabolism parameters: polyamine levels, ODC activity, polyamine transport system, and spermidine/spermine acetyl transferase (SSAT; EC 2.3.1.57) activity. Assays were carried out on cultured mouse C57.1 mast cells derived from C57BL/6 J mouse bone marrow cells [10] .
M A T E R I A L S A N D M E T H O D S

Cell cultures
Mouse C57.1 mast cells were as described previously [10] and were cultured in Dulbecco's modified Eagle's medium containing streptomycin, penicillin and amphotericin, and supplemented with 10% fetal bovine serum. They were kindly supplied by F. J. Ferna Ândez-Sa Ânchez (Hospital Universitario Principe de Asturias, Alcala Â de Henares, Spain) [10] . Growth kinetic curves were determined by cell counting in a Counter Coulter (Coulter Electronics).
Intracellular amine content
Intracellular content of putrescine, histamine, serotonin, spermidine and spermine were simultenously determined by fluorimetry after separation of the dansyl-derivatives by RP-HPLC, as reported previously [11] . 1,8-Diaminooctane was used as an internal standard added to the cell extract before derivatization with dansyl chloride. All data are mean^SEM of at least three independent experiments. Protein was always estimated by Bradford's method [12] .
ODC and HDC activities
ODC and HDC activities were measured by following the release of 14 CO 2 from [1-
14
C]ornithine and histidine. Urdiales et al. [2] reported the method for ODC activity measurements. HDC activity was measured following the method described by Kishikawa et al. [13] with the following modifications: cells were washed twice with NaCl/P i , suspended in activity buffer (0.2 mm dithiothreitol, 10 mm pyridoxal 5-phosphate, 10 mg´mL 21 poly(ethylene glycol)-300, 100 mm potassium phosphate, pH 6.8), and homogenized in a Branson Sonifier 250 by applying five pulses of 60 watts. Then, extracts were centrifuged at 48 400 g in a Beckman Optima TL ultracentrifuge for 30 min at 4 8C, and HDC activity was assayed in supernatants as described previously by Engel et al. [14] . ) was supplied by Amersham. Spermine uptake was determined after 20 min of incubation. Uptake was finished by adding ice-cold NaCl/P i and immediately centrifuging. Cells were washed twice with NaCl/P i and suspended in 400 mL of 0.5% Triton X-100. For competition experiments, 2 mm labelled spermine and 50 mm amines were used. When indicated, 3 mm a-difluoromethylornithine or 500 mm histamine were added to the culture medium 48 or 24 h before harvesting, respectively. Radioactivity, in 250 mL aliquots, was estimated in a Beckman LS6500 scintillation counter.
SSAT induction and activity measurements
SSAT activity was measured as reported by Erwin and Pegg [15] . The spermine analog,
, was used as an inducer of SSAT activity [16] and was kindly supplied by R. Casero, Jr. (John Hopkins Oncology Center Laboratory, Baltimore, MD, USA). At zero time, 3 mm a-difluoromethylornithine was added to C57.1 exponential growing cells. After 24 h, cells were treated with 1 mm aminoguanidine for 6 h and then cells were incubated with 100 mm histamine plus 10 mm CPENSpm for 24 h. Finally, cells were harvested and assayed.
R E S U L T S A N D D I S C U S S I O N
Histamine reduces polyamine contents without affecting ODC activity or cell proliferation
In spite of the importance of basophilic cells in mammalian physiology, the metabolic interplay between histamine and ornithine-derived polyamine metabolisms has not been studied in any basophilic cell model so far. In the present work, we use C57.1 mouse-derived mast cells as the experimental model. This cell line was described previously [10] .
As a first characterization of the biogenic amine metabolism of the C57.1 mouse mast cell culture, the intracellular amine concentrations were determined during the exponential phase of growth (Fig. 1) . To increase the intracellular histamine levels, C57.1 mast cells were pretreated with 500 mm histamine for 24 h. Under these conditions, a significant increase in the intracellular histamine was, indeed, detected (Table 1) . At the same time, total polyamine levels decreased due to a reduction in spermidine content. However, ODC activity (Table 2 ) and cell proliferation rates (Fig. 2) were not affected by the treatment with histamine. These results could indicate that the decrease in ornithine-derived polyamines is not drastic enough to affect cell proliferation by itself, or maybe they reflect the possibility that histamine could replace ornithine-derived polyamines in some intracellular functions, as indicated by other reports [7, 17] . Other diamines such as cadaverine can also replace polyamine in maintaining mammalian cell viability [18] .
Furthermore, the reduction of intracellular polyamine content by histamine could be an adaptive response of mast cells to their particular physiology. Degradation pathways of diamines and polyamines produce free-radicals that can be fatal for cell viability. Thus, they could have developed regulatory mechanisms by which histamine prevents a simultaneous accumulation of another free-radical source into cells [19] .
Intracellular free polyamine concentrations are regulated at different levels: (a) their biosynthesis de novo mainly regulated by ODC activity; (b) their conjugation with macromolecules; (c) their transport through plasma membrane; and (d) the polyamine acetylation/oxidation pathway carried out by SSAT and amine oxidases, SSAT being the limitant step of this process [15] . Since histamine had not effect on ODC activity, we checked a possible effect of histamine at levels (c) and (d).
Effects of histamine on spermine transport by C57.1 mast cells Transport of polyamines by basophilic cells has not yet been studied. Figure 3 shows the saturation kinetics of spermine transport by C57.1 mast cells. Kinetic parameters for spermine uptake by the nontransformed mouse C57.1 mast cell line are given in Table 3 . It is noteworthy that starvation of polyamines by a 48-h-pretreatment with 3 mm a-difluoromethylornithine led to an increase in V max , but the affinity of the system was unchanged. The system seems to be protein-mediated, as deduced from its temperature dependence, with only a minor uptake detected at 0 8C. Apparently, it is mainly a Na 1 -dependent transport system, as can be observed when experiments were carried out in a sodium-free potassium-containing medium. In the latter case, spermine uptake was 13^1% of the value observed in the presence of Na . Mannitol only could replace partially the absence of sodium (60^22%). A Na 1 -dependent transport system for polyamines has been also described for other cell types [20, 21] ; in contrast, a Na 1 -independent transport system for polyamines has been described in intestinal basolateral membrane vesicles [22] .
Different polyamine transport systems have been reported. Some cells appear to have a single transporter for putrescine, spermidine, and spermine; others seem to have more than one system [20] . Competition assays with different polyamines have been one of the most frequently used ways to detect other putative substrates for plasma membrane transport systems. We carried out competition experiments to check whether histamine and other diamines or polyamine metabolism-related compounds cis-inhibit polyamine transport of mouse C57.1 mast cells. Results are shown in Fig. 4 . In fact, spermidine greatly cis-inhibited spermine transport indicating that both polyamines share the same transport system. Putrescine and agmatine also reduced the spermine uptake but to a minor extent; lower affinities of the system for these diamines are suggested by these results. The uptake was inhibited only slightly by histamine and serotonin.
To further study the effect of histamine on the polyamine transport system, we preincubated cells with 500 mm histamine for 24 h to obtain histamine-loaded mast cells under the same conditions as those cells used for ODC and intracellular polyamine content measurements. Then, cells were rapidly washed and placed in a histamine-free medium before starting spermine transport experiments. This treatment inhibited spermine uptake by 54^1%.
Basophilic cultures should not be incubated with spermine in the presence of serum as they are extremely sensitive to the toxic aldehydes produced from polyamines by fetal bovine serum amino oxidase [23] , which induces apoptosis on C57.1 mast cells [24] . For this reason, control (untreated cultures) and histamine-preloaded C57.1 mast cells were washed and treated with nonlabelled 2 mm spermine for 20 min in NaCl/P i , and then intracellular diamine and polyamine contents were determined by HPLC. As expected, intracellular spermine concentrations significantly increased in control cells by 9^1%; in contrast, this increase was not observed in the histaminepreloaded cultures. These results and those obtained with labelled spermine described above, clearly indicate that intracellular histamine can reduce polyamine import into mast cells. On the other hand, intracellular concentrations of histamine and serotonin were not affected by the incubation with spermine in both control and histaminepreloaded cells. These results are not in agreement with other reports indicating that spermine induces histamine release from rat mast cells [25] , so that the effect of histamine on polyamine metabolism does not seem to be reciprocal, at least in C57.1 cells under the conditions employed. It has been reported that 10 mm spermine causes a histamine release by mast cells similar to that of 0.5 mg´mL 21 of compound 48/80 and that even 0.1 mm spermine (a concentration which is 50-fold greater than that used here) did not cause any significant histamine release [26] .
Because the polyamine transport system is not the same among different mammalian cell types [20] , the regulatory role of histamine on the polyamine uptake of basophilic cells could not be operating in all cell models and tissues. As far as we know, this is the second polyamine-related transport system affected by histamine. In 1991, we reported that the y1 system for cationic amino acids is cis-inhibited and trans-stimulated by histamine [5] .
Effect of histamine on C57.1 mast cell SSAT activity SSAT is a soluble cytosolic enzyme that may play an important role in the regulation of cellular polyamine concentrations. The N 1 -acetylated polyamines produced by SSAT are substrates for polyamine oxidase. Thus, the concerted action of both SSAT and polyamine oxidase makes possible the conversion of spermine and spermidine into putrescine, in the so-called interconversion pathway of polyamine metabolism. In this pathway, SSAT is the key regulatory enzyme [27] . SSAT activity is very low under normal conditions, but can be increased by exposure to toxic agents, hormones or polyamines [28] . SSAT is only present in low amounts in cells and the SSAT activity assays are not sensitive enough to detect small increases in this activity compared with the basal values of C57.1 cells. For this reason, most of the research on SSAT has been carried out using`super-inducers', polyamine analogs which act as potent enhancers of SSAT activity [16, 27, 29] . To test a possible effect of histamine on SSAT activity of C57.1 cells, we used the SSAT inducer named CPENSpm, widely employed to increase the basal values of SSAT activity at the transcriptional level [16] . A 24-h-treatment with 100 mm histamine had a synergistic effect with the inducer, increasing the SSAT activity by 57^13% over the activity detected with CPENSpm alone (Fig. 5) . In this context, it is interesting that another diamine, agmatine, has been recently shown to modulate polyamine contents in hepatocytes by inducing SSAT activity [30] .
Concluding remarks
This report approaches the regulation of polyamine metabolism by histamine in basophilic cell models, in which both biogenic amine groups are important for the cell physiology. From the studies on the effects of histamine on the polyamine transport system and SSAT activity, we can deduce that histamine affects polyamine metabolism of the mast cells acting at least on polyamine interchange with the medium and enhancing polyamine acetylation. In this paper, we demonstrate that both processes can be regulated by histamine. Spermidine is the major polyamine affected. It is well-known that spermidine is the most responsive polyamine to polyamine metabolism regulators, as spermine is tightly bound to macromolecules [17, 31] . In constrast, no sign of histamine metabolism regulation by polyamines was obtained throughout this work.
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